Abstract. 'McIntosh apples (Malus ×domestica Borkh.) display a rapid increase in ethylene production as they ripen, resulting in more preharvest drop and accelerated softening compared with other major cultivars. Economic considerations often dictate a choice between delaying harvest to achieve color development or harvesting earlier to avoid excessive fruit softening and drop. We have evaluated the effects of plant growth regulators ( 
the United States. The active ingredient of this product is AVG, an inhibitor of 1-aminocyclopropane-1-carboxylic acid synthase (Boller et al., 1979) . Preharvest sprays of AVG were shown to inhibit ethylene production by fruit, delay ripening and reduce preharvest drop in several early studies (Bangerth, 1978; Bramlage et al., 1980; Williams, 1980) . The commercialization of AVG for delaying drop has created considerable interest in the apple industry (Byers, 1997; Clarke et al., 1996; Greene, 1996) . However, there is relatively little published information about efficacy of ReTain, especially in relation to interactions with other management techniques and plant growth regulators, or on storage quality. Our objectives were 1) to test the efficacy of AVG on delaying fruit maturation and reducing fruit drop of the Marshall 'McIntosh strain; 2) to investigate the effectiveness of ethephon sprays to induce color in AVG-treated fruit; 3) to assess fruit quality effects following application of low rates of ethephon; and 4) to assess effects of late summer pruning, with and without AVG, on fruit ripening and preharvest drop. In addition to field studies, we also stored fruit of all treatments in refrigerated air storage both years and selected treatments under controlled atmosphere (CA) conditions in 1996, where fruit from different treatments were segregated to determine treatment effects on quality after storage.
Materials and Methods

Orchard selection and management.
Experiments were conducted in commercial orchards of Marshall 'McIntosh M.9/111 planted in 1990 on silty loam soils in the Mid-Hudson (Clintondale) and Champlain (Peru) Valleys of New York. Grower-cooperators followed standard orchard practices using trickle irrigation and tree supports to a height of 2.2 m.
Experiment design. Experiments were established using randomized complete-block design. Trees were selected to ensure negligible spray drift between treatments. Trunk cross-sectional area (TCA) and approximate fruit number per tree were determined and cropping in fruit/cm 2 TCA calculated for the mid-Hudson trees. Level of cropping was used as the blocking factor with five two-tree replications for each treatment in the mid-Hudson and five two-tree replications per treatment were used with spatial establishment of blocks in the Champlain. In each experiment, one tree in the two-tree plot was used for collection of drop data and one tree was used for fruit quality assessments.
Plant growth regulator applications. All treatments, including dates of application, are indicated in Table 1 . AVG (ReTain, Valent BioSciences Corp., Libertyville, Ill.) and NAA (Fruitone-N, AmVAC Chemical Co., Newport Beach, Calif.) were applied to entire trees at 60% of the tree row volume dilute rate to minimize drip, except in one treatment in 1995, where AVG was applied by brushing 250 mg·L -1 AVG to the terminal 1 cm of pruning cuts immediately following The 'McIntosh apple, a major cultivar in North America and the most widely planted apple in New York, is subject to serious horticultural problems including rapid fruit ripening and frequent high losses to abscission prior to meeting U.S. Fancy Extra grade standards (Autio and Greene, 1990; Murphey and Dilley, 1988) . Preharvest sprays of daminozide were previously used to slow the rate of fruit ripening and reduce preharvest drop (Edgerton and Blanpied, 1970; Elfving et al., 1991) . This was particularly important in warmer areas such as the Hudson Valley (mid-Hudson) apple region of New York because low temperatures are necessary to stimulate anthocyanin development (Creasy, 1968) .
Alternative methods to stimulate fruit color development are used by the industry. Summer pruning enhances color development by increasing light penetration to fruit (Autio and Greene, 1990; Lord and Greene, 1982; Marini and Barden, 1982, 1987; Saure, 1987 summer pruning (AVG-B). In 1995, full-tree AVG and NAA applications were made using timed handgun applications to simulate an orchard speed sprayer, and in 1996 were applied using an orchard speed sprayer. AVG was always applied with 0.1% (v/v) Silwet L-77 (Loveland Industries, Greeley, Col.). For full tree application, 124 g·ha -1 of AVG was used in each experiment, and a separate 62 g·ha -1 of AVG (AVG-0.5) treatment was also included in Peru in 1996. NAA was applied at 10 mg·L -1 in 1995 and 20 mg·L -1 in 1996 for single applications, and in 1995 NAA was also tested using four applications at 2.5 mg·L -1 (NAA-low4) on the same trees. Ethephon (Ethrel, Rhone-Poulenc, Research Triangle, N.C.) was applied in 1995 and 1996 using a handgun to run-off at 150 mg·L -1 and was tank-mixed with 10 mg·L -1 NAA (ETH); and in 1995 there was also a treatment as sessing effects of a low (30 mg·L -1 ) and earlier (27 Aug.) application of ethephon to trees treated with AVG (AVG/ETHlow). Several combinations of PGR treatments and combinations of pruning and PGR treatments were also.
Summer pruning. Summer pruning was only conducted at the mid-Hudson orchard.
Trees were more open and smaller than most trees that would be summer-pruned commercially. Much of current season growth was removed in the vicinity of fruit. Total pruning weights were determined for each tree in each year.
The proportion of leaf surface removed by summer pruning was measured for four trees in 1996. After all fruit were dropped or harvested in 1996, trees were stripped of leaves to determine remaining leaf area. Leaf area was measured on 50-200 g weighed subsamples using an automatic area meter (Hayashi Denco Co., type AAM-5, Tokyo), and results were extrapolated to determine proportion of entire leaf area removed during summer pruning. All treatments, including dates of pruning, are indicated in Table 1 .
Drop assessment. Fruit were counted and removed from under trees designated for drop assessment on a regular basis. Data collection ceased when drop approached 100% in nontreated trees, and fruit remaining on trees were counted. Data were analyzed as the cumulative percentage of total fruit that had abscised on each measurement date.
Fruit quality assessment and storage experiments. Fruit were harvested from the trees designated for fruit quality assessment on several dates. Five fruit per tree were assessed immediately after harvest for fruit weight, visual estimation of percent red color area, firmness on two peeled sides of each fruit using an Effegi penetrometer (Effegi, Alphonsine, Italy), °Brix determined with a handheld refractometer (Atago Co., Tokyo), and starch hydrolysis using the Cornell Univ. generic starch chart where 1 = 100% starch area and 8 = 0% starch area (Blanpied and Silsby, 1992) . Samples of fruit from each tree from the Mid-Hudson in 1995 and the Champlain in 1996 were stored at 1 ºC and were removed after 8 weeks (1995) or 6 weeks (1996) . At each timing, five fruits per tree were assessed for firmness and soluble solids content after 1 and 7 d at 16 to 22 °C.
In 1996, fruit samples from the untreated control, AVG, ethephon (ETH), AVG plus ethephon (AVG/ETH), and NAA-treated trees in the Hudson Valley orchard were used for more detailed maturity and quality analyses. On 4, 11, and 18 Sept., 90-fruit samples per tree were harvested and transported to Ithaca. On the day of harvest, color coverage (%), internal ethylene concentrations (IEC), flesh firmness, soluble solids and starch pattern indices were determined on 10-fruit samples per replicate. IEC was measured by gas chromatography (Varian Aerograph model 3700, Walnut Creek, Calif.) using 1 mL of internal gas drawn into a syringe through a hypodermic needle inserted into the core cavity of each fruit. Firmness was measured on opposite sides of pared fruit using an EPT-1 pressure tester (Lake City Technical Products, Lake City, Canada) fitted with an 11.1-mm diam. tip. The combined juice expressed from both sides of the fruit during firmness measurements was collected directly onto a hand-held digital refractometer (Atago PR-100, McCormick Fruit Tech., Yakima, Wash.) and soluble solids determined. Starch hydrolysis was assessed using the Cornell Univ. generic starch chart.
Of the remaining fruit, two 40-fruit samples per replicate were placed into unstoppered 19-L glass jars and kept overnight at 2 °C. Jars were then stoppered and connected to an atmosphere mixing system which delivered humidified premixed gas mixtures of 4 kPa O 2 and 2 kPa CO 2 (balance being N 2 ) for 4 weeks, before CO 2 partial pressures were increased to 5 kPa following standard recommendations for storage of this 'McIntosh strain (Watkins, 1999) . Jars from each treatment were kept separate to avoid ethylene contamination between treatments. Flow rates of the gases were maintained at 200 mL/min, and the atmosphere checked at 1-to 2-d intervals by gas chromatography. Atmospheres were maintained within 0.2 kPa of the desired partial pressures throughout the experiment.
After 3 and 6 months of storage, one jar of fruit per replicate was transferred to an evaluation room maintained at 20 °C. After 1 and 7 d, flesh firmness and soluble solids were measured on 10 fruit as described earlier.
On day 7, the remaining fruit were rated for presence or absence of external and internal disorders.
Statistical analyses. All statistical analyses were conducted using analysis of variance (ANOVA) (Proc GLM, SAS Institute, Cary, N.C.) with means separated using Fisher s unprotected least significant difference at P = 0.05 and P = 0.10. Unlike Duncan s new multiple range test, this approach does not control the experiment-wise error rate but it permits the reader to easily compare means at alternative levels of significance rather than restricting interpretation to P = 0.05. This is consistent with Marini s (1999) argument that use of P = 0.05 is arbitrarily restrictive. Percentage data were analyzed untransformed since no transformation method resulted in both normally distributed error terms and homogeneous variances. Untransformed data were not found to have significantly nonhomogeneous variances using Levene s test (Proc GLM, SAS).
Results
Preharvest drop: PGR effects. AVG delayed preharvest drop relative to the controls in all studies. In the Mid-Hudson, drop of fruit from AVG-treated trees was lower than that of untreated trees after 4 Sept. (Fig. 1a) and 11 Sept. (Fig. 2a) in 1995 and 1996 respectively. In the Champlain Valley (1996), cumulative drop remained below 10% in controls through 1 Oct. when it increased above that of AVGtreated trees (Fig. 3) .
NAA, at either a single application at 10 mg·L -1 or four applications at 2.5 mg·L -1
(NAA-low4) did not suppress preharvest drop compared with controls in the midHudson in 1995 (Fig. 1a) . However, in 1996 20 mg·L -1 NAA (NAA) suppressed preharvest drop from 10 through 17 Sept. AVG was not more effective than NAA until 19 Sept. when cumulative drop exceeded 50% for all treatments (Fig. 2a) . In the Champlain Valley, application of NAA on 11 Sept. (NAA) resulted in faster preharvest drop than in control trees from 30 Sept. through 8 Oct. (Fig. 3) .
Ethephon tank-mixed with NAA (150 mg·L -1 Ethephon + 10 mg·L -1 NAA) accelerated preharvest drop compared with controls over much of the potential harvest period in 1995 and 1996 (Fig. 1b and 2a) . When ethephon plus NAA was applied after AVG (AVG/ETH), preharvest drop was delayed compared with ethephon without AVG, displaying similar curves of cumulative fruit drop vs. time but lagging by 2 to 6 d over much of the drop period. A low rate of ethephon (30 mg·L -1 ) applied after AVG (AVG/ETHlow) in 1995 did not affect preharvest drop relative to AVG alone (Fig. 1b) .
Preharvest drop: Summer pruning and AVG effects. In 1995, total pruning wet weights of leaves removed ranged from 0.8 to 1.6 Kg, averaging 1.1 Kg, and in 1996 from 0.4 to 1.8 Kg with a mean of 0.8 Kg. The proportion of leaf surface removed by summer pruning in 1996 ranged from 23% to 36% with a mean of 31%.
Summer pruning of trees in mid-Aug. accelerated preharvest drop compared with that of control trees in both 1995 and 1996 (Figs. 1c and 2b) . AVG application to summer pruned trees (PRU/AVG-B) resulted in intermediate levels of drop which were not significantly different from controls or treatment with summer-pruning only. Summer pruning on 1 Aug. 1996 also gave an intermediate response between controls and summer pruning on 16 Aug. However, it accelerated preharvest drop relative to that of control trees when compared on 4 Sept., and delayed drop relative to pruning on 16 Aug. when cumulative drop was compared on 11 Sept.
Fruit maturity and quality. The major effects of plant growth regulators and summer pruning on fruit maturity and quality factors Table 4 ). Although data were collected for later harvests they are not presented because excessive fruit drop by these dates make the data difficult to interpret and of little scientific or commercial significance.
Fruit maturity and quality: Treatment effects on color. AVG treatment reduced red color of fruit vs. control fruit at two of nine comparisons (the nine comparisons result from three harvest dates at each of three orchard/year combinations): on the second harvest date in 1995 in the Mid-Hudson orchard (Table 2) ; and in the Champlain at the 1 Oct. 1996 harvest (Table 4) . Red color development of fruit was enhanced by ethephon (ETH; 150 mg·L -1 , plus 10 mg·L -1 NAA) compared with that of fruit from untreated trees at all harvests in 1995 (Table 2 ) and 1996 (Table 3) . Pretreatment of trees with AVG, followed by the same ethephon rate and timing (AVG/ETH) slowed red color development compared with ethephon plus NAA(ETH) treatment alone in 1995, but color from these treatments was comparable by the second harvest date in 1995 and for all harvests in 1996, with both treatments producing greater color than that of control fruit. Application of ethephon at 30 mg·L -1 increased red color of fruit previously treated with AVG (AVG/ETHlow) only at the 13 Sept. harvest (Table 2) . NAA treatments resulted in greater red color than controls only on the 13 Sept. 1995 harvest in the Mid-Hudson. Summer pruning, both with and without AVG treatment, significantly advanced red color compared with controls (Tables 2 and 3) in five of six comparisons with the exception of the 21 Sept. 1995 harvest when drop was already excessive for these treatments.
Fruit maturity and quality: PGR effects on internal quality parameters at harvest. AVG treatments in the Mid-Hudson did not affect measured internal quality parameters compared with non-treated controls (Tables 2  and 3 ). The same AVG rate in the Champlain slowed starch hydrolysis, maintained fruit firmness at harvest and increased soluble solids at all three harvests, while the lower AVG rate (AVG-0.5) sometimes produced significant effects (Table 4) . Ethephon (ETH) advanced starch degradation at four of five comparisons but fruit softening was not greater than the control until the third harvest in 1995 (Table  2 ) and the second harvest in 1996 (Table 3) . Application of 150 mg·L -1 ethephon to trees treated with AVG (AVG/ETH) resulted in no significant effect on starch hydrolysis or fruit softness at the first harvest but resulted in responses similar to trees treated with ethephon without AVG (ETH) at most later harvests. Application of ethephon at 30 mg·L -1 to trees previously treated with AVG (AVG/ETHlow) had no effect on internal quality parameters compared with AVG alone. Occasional treatment effects on fruit weight were indicated in both mid-Hudson Valley and Champlain orchards, but differences were inconsistent among harvest dates, and probably reflect greater drop in larger fruit (data not shown).
Fruit maturity and quality: Summer pruning effects on internal quality parameters and interactions with AVG. Summer pruning resulted in greater starch hydrolysis and lower fruit firmness compared with controls at some harvest dates (Tables 2 and 3 ). In 1995 (Table  2) , summer pruning (PRU), but not summer pruning followed by AVG application to wounds (PRU/AVG-B), resulted in higher starch indices at the 7 Sept. harvest, while pruning with and without AVG decreased fruit firmness at two of six harvest comparisons. In 1996 (Table 3) , summer pruning early (1 Aug.; PRUearly), but not summer pruning late (16 Aug.; PRUlate) resulted in higher starch indices and softer fruit at all but the first harvest, and AVG application (PRUearly/AVG) had no effect on measured parameters. SS content of fruit from summer pruned-trees was lower than those from untreated trees at several harvest dates in 1995 and 1996. No effects on fruit weight were observed (data not shown).
Fruit quality after storage. After standard cold storage, most fruit from the 1995 experiment had softened substantially and few differences were detectable, except that AVG-treated fruit alone (AVG) or with low ethephon (AVG/ ETHlow) were firmer than fruit given a single NAA treatment following 7 Sept. harvest. Both AVG rates in the Champlain resulted in greater firmness out of storage when harvested on 1 Oct. 1996 but not 24 Sept. In 1996, effects of ethephon (ETH), NAA, and AVG treatment in the Mid-Hudson were assessed on fruit stored in CA for 3 and 6 months (Table 5) . Since there was no interaction between treatment and storage, all data for each treatment were pooled. After storage, ethephon-treated (ETH) fruit harvested on 4 Sept. were 7.7 N softer across storage and shelf-life periods than the control fruit, but percentage of sound fruit (free of physiological or pathological disorders) were similar between treatments (Table 5) . However, ethephon-treated fruit harvested on 11 Sept. had severe senescent breakdown (data not shown) and it was not possible to obtain accurate firmness data. AVG-treated fruit were firmer than control fruit on 11 Sept., but not 18 Sept. Other than the high incidence of breakdown in the ethephon-treated fruit on Sept. 11, the only other disorder of note was external CO 2 injury. Incidence of the disorder was reduced by ethephon treatment. External CO 2 injury was detected only on AVG fruit on 18 Sept.
Discussion
AVG use. ReTain (AVG) reduced preharvest fruit drop in both growing regions, but was less effective in the Mid-Hudson Valley than in the Champlain. In the Hudson Valley, a cumulative drop of >20% of the total crop occurred in AVG treated trees by mid-Sept. in both 1995 (Fig. 1a) and 1996 (Fig. 2a) . In contrast, the cooler Champlain Valley climate resulted in little early fruit drop, even in nontreated controls and showed much greater reduction in fruit drop from AVG (Fig. 3) . Reasons for such regional differences in AVG effects are not completely understood. Slower fruit ethylene evolution where trees are exposed to lower temperatures during maturation may be conducive to more uniform and prolonged AVG suppression of ethylene production.
Response of 'McIntosh to AVG in cool areas like the Champlain Valley is likely to make AVG a useful tool for commercial 'McIntosh production. In such regions, delays of preharvest fruit drop could beneficially extend the harvest period, providing substantial cost savings by reducing the necessary number of harvest laborers. Growers in the Champlain Valley have found that savings on the high expense of U.S. entry for each harvester (through the H2A program, U.S. Dept. of Labor, 1987) will more than compensate for the cost of ReTain application in a portion of their orchard, and use of this material has become routine in this region.
Since apples typically grow by 1% per day during the few weeks before harvest (Batjer et al., 1957) , use of AVG to delay harvest by 7 to 10 d, without increasing cumulative drop, may increase production of larger high-value fruit. This may provide some benefit to use of AVG even where resulting delay in drop is more modest. Nevertheless, ReTain application to enhance 'McIntosh crop value through increased size must be used with caution since abscission of as little as 10% of the crop may cause bruising of other fruit as the drops fall through the tree canopy.
AVG-treated Marshall 'McIntosh fruit were firmer than control fruit at some harvests in the Champlain Valley (Tables 4), Table 1 for details of treatments.
The economic advantages of improved fruit firmness following AVG-treatment, when it occurs, are not easy to quantify. NAA use. Irregular response to NAA in these experiments is consistent with the experience that NAA is an effective stop drop material for 'McIntosh about 50% to 65% of the time (Duane Greene, personal communication). NAA appears to be unsuitable as a planned element of 'McIntosh harvest management (Table 5 ). However, because of its modest cost and rapid action, NAA remains a useful emergency treatment.
Ethephon use on AVG-treated fruit. Slower color development was observed in AVGtreated fruit in two of the three experiments (Tables 2 and 4 ). Application of ethephon to AVG treated trees (AVG/ETH) largely reversed this effect (Tables 2 and 3 ). Any poststorage benefits of AVG are likely to be lost when combined with ethephon treatment.
Ethephon use for early harvest. 'McIntosh is one of the earliest cultivars with high market demand each fall, but adequate color development is frequently a problem. The high levels of early drop seen in 1995 demonstrate the potential dangers of using ethephon to enhance color and harvest fruit before preharvest drop occurs. However, the potential value of ethephon treatment is apparent when comparing data on ethephon treated fruit (ETH) harvested on 4 Sept. 1996 with control fruit harvested on 11 Sept. 1996: red color and firmness at harvest were almost identical (Table  3) , but the control fruit had 35% cumulative drop by 11 Sept. vs. 6% cumulative drop for ethephon-treated fruit on 4 Sept. (Fig. 2A) . When properly handled, it does appear from these data that ethephon treatment can be used to obtain early red color and minimal drop, and that quality, while reduced, may be commercially acceptable after storage.
Summer pruning. Summer pruning enhanced fruit color development compared with nontreated controls, but the aggressive summer pruning used in these studies also accelerated preharvest fruit drop and starch hydrolysis compared with the untreated controls. It must be emphasized that the degree of summer pruning used in this study exceeds most commercial practice and should be interpreted accordingly. Use of AVG on summer pruned trees sometimes reversed some but not all of the deleterious effects of summer pruning. These results suggest that 'McIntosh growers may need to anticipate earlier fruit drop when trees have been heavily summer pruned. 
